Thymoquinone (TQ) is the main active ingredient extracted from the black seed (Nigella sativa L.) Previous work on the antigenotoxic properties of TQ in animal cell systems has yielded inconsistent results. We investigated the antigenotoxic effect of different concentrations of TQ in human lymphocyte cultures challenged with two standard mutagens: benzo[a]pyrene (B[a]P; 16 μM), and mitomycin C (MMC; 1 μM). TQ dose-dependently decreased the activities of B[a]P and MMC in three short-term genotoxicity tests: the sister chromatid exchange (SCE), the cytokinesis-blocked micronucleus (CBMN) assay and 6-thioguanine resistance (TG r ) test. Also, TQ lowered the level of free radicals generated by cultured human granulocytes alone and in the presence of both B[a]P and the granulocyte activator phorbol myristate acetate (PMA). These results confirm a significant dose-dependent antigenotoxic action of TQ on direct and indirect acting mutagens in vitro, and suggest that inhibition of free radical pathways could play an important role in this action. The genoprotective potential of TQ remains to be evaluated at the clinical level as the combination of TQ with some anti-cancer drugs can reduce chemotherapy-induced DNA damage of the non-tumor tissues.
Introduction
Identification of antigenotoxic compounds and elucidation of the mechanisms of their action deserve special attention for their possible significance in the protection of human health. Extensive studies have been carried out to identify potential candidates that possess antineoplastic potential or can reduce genotoxicity of environmental agents and anticancer drugs without compromising their therapeutic effects.
Thymoquinone (TQ ; Fig 1) is the main bioactive constituent of the volatile oil extracted from the black seed (Nigella sativa L.). It has been early reported to be a potent free radical scavenger (Badary et al., 2003) , to reduce inflammation and mediator release in a variety of disease models (Mahgoub, 2003; Woo et al., 2012) , and to be antineoplastic and pro-apoptotic in osteosarcoma cells (Shoieb, et al., 2003) , neoplastic keratinocytes (Gali-Muhtasib et al., 2004) , and human colon cancer cell line (Gali-Muhtasib et al., 2008) . It has been further demonstrated to inhibit benzo [a] pyrene (B[a]P)-induced stomach carcinogenesis in mice (Badary et al., 1999) and attenuate diethylnitrosamine induction of hepatic carcinogenesis in rats (SayedAhmed et al., 2010) . In our laboratories, we had previously shown that TQ protected isolated rat hepatocytes in suspension culture against tert-butylhydroperoxide (Daba and Abdel-Rahman, 1998 ) and ameliorated renal oxidative damage and proliferative response caused by mercuric chloride in rats (Fouda et al., 2008) .
Previous reports on the antigenotoxic properties of TQ have yielded conflicting results when investigated against B[a]Pinduced genotoxicity in animal cell systems: in one study, orally administered TQ has been shown to reduce B[a]Pinduced chromosomal aberrations in the mouse bone marrow cells (Badary et al., 2007) , while in another study, TQ has been shown to increase chromosomal aberrations and micronucleus formation in rat hepatocyte primary culture (Khader et al., 2009) .
Because black seed is regarded in the Middle East as part of an overall holistic approach to health, and is thus incorporated into diets and everyday lifestyles, it was reasonable to verify the antigenotoxic activity of TQ in a human cell system. And because TQ is linked in a substantial body of literature with lymphocyte functions (Salem, 2005) , we tested the compound in cultured human peripheral blood lymphocytes as a classical system of cytogenetic mutagenicity assay (Kuroda et al., 1992) .
In this report, we investigated the antigenotoxic potential of TQ based on the same research scheme conducted previously on todralazine by Gasiorowski and Brokos (2000) . We used two standard mutagens: B[a]P, the major substance in cigarette smoke and a well known carcinogen and mutagen (Tarantini et al., 2009 ) and mitomycin C (MMC), a well known micronucleus inducing clastogen (Mark et al., 1994) . The hypothesized activity of TQ was evaluated with three well established short-term tests of genotoxicity, namely: the sister chromatid exchange (SCE), a commonly used sensitive and reliable cytogenetic marker; the cytokinesis-blocked micronucleus (CBMN) assay, a biomarker of chromosomal damage; and 6-thioguanine resistance (TG r ) assay, a biomarker of subtle mutation in the hypoxanthine/guanine phosphoribosyl transferase (HPRT) locus. Any reduction in the frequency of these genotoxic end points gives an indication of the antigenotoxicity of a particular compound (Albertini et al., 2000) .
Finally and because of the fact that genotoxicity can result from direct damage caused by a mutagen, or by activation of promutagens to their genotoxic derivatives mediated by microsomal mixed function oxidases or other enzyme systems involving the formation of free radicals (Inami and Mochizuki, 2002) , we found it reasonable to examine the impact of TQ on free radical generation by cultured human granulocytes alone and in the presence of the standard mutagen B[a]P and the standard granulocyte stimulator and tumor promoter phorbol myristate acetate (PMA).
Materials and Methods

Chemicals
Thymoquinone
5-bromodeoxyuridine (BrdU), phorbol 12-myristate 13-acetate (PMA), Histopaque 1077, Histopaque 1119 and 6-thioguanine are from Sigma-Aldrich (St. Louis, MO, USA). Mitomycin C (MMC) is from Kyowa Kirin Ltd., (Tokyo, Japan). Phytohemagglutinin M (PHA-M) and RPMI 1640 are from Gibco (Gaithersburg, MD, USA). The rest of chemicals and stains used in this study are of the highest analytical grade from Sigma-Aldrich unless otherwise stated.
Lymphocyte Isolation and Culture
Heparinized whole blood samples were collected by venipuncture from five healthy non-smoking male volunteers (aged 20-25 y) after giving informed consent. After dilution 1:1 with RPMI 1640 without serum, lymphocytes were isolated from whole blood using a density gradient centrifugation technique with Histopaque 1119 and Histopaque-1077 layers (English and Andersen, 1974) . After washing twice with phosphate buffered-saline (PBS), isolated lymphocytes and granulocytes were cultured in universal containers in complete RPMI 1640 medium containing 10% fetal bovine serum, 100 units/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine. Cells were stimulated to mitogenesis with phytohemagglutinin M (PHA-M; 1% v/v) and cultured for 72 h. Cell viability was determined by Trypan blue (Serva, Germany) staining and counting in hemocytometer.
Sister Chromatid Exchange (SCE)
The tested mutagen, B[a]P dissolved in DMSO, was added into cell cultures at a final concentration of 16 µM. The cultures were then treated with different concentrations of TQ ranging from 0.625, 1.25, 2.5, 5, and 10 µM dissolved in DMSO. Higher concentrations of TQ were not studied because they were shown to induce severe cell death within minutes to hours of treatment (Khader et al., 2009) . Negative controls were treated with DMSO (0.25% v/v) which represents the maximum amount of solvent used. In order to observe SCEs, within each culture, cells were allowed to proliferate for two mitotic cycles in the presence of BrdU (8 µg/ml final concentration) added 24 h after the initiation of culture and for the next 48 h. Cultures were incubated and manipulated in a dark environment in order to prevent the photolysis of BrdU. The cells were harvested by centrifugation after 2 h incubation with colchicine (0.3 µg/ml final concentration), washed with hypotonic solution (0.075 mol/L KCl) at room temperature, then fixed in methanol/acetic acid (3:1) solution. Air-dried slides were stained with a modification of the fluorescent plus Giemsa technique (Wolff and Perry, 1974) . Scoring was performed in a blind fashion. The SCE frequency was scored from an analysis of metaphase during the second cycle of division. Fifty metaphases per culture with all chromosomes intact were scored for SCEs.
Cell Cycle Kinetics
Cells on the 1st, 2nd, 3rd and subsequent mitotic divisions were counted. The mitotic index ( (Lazutka, 1991) .
Cytokinesis-Blocked Micronucleus Assay (CBMN)
The CBMN test was done using the cytochalasin B technique described previously by Fenech (1993) . Lymphocytes were stimulated with PHA-M and incubated at 37 •C. At 24 h culture, the cells were exposed to the standard micronucleus-inducing agent MMC (1µM) with or without different concentrations of TQ dissolved in DMSO. Cytochalasin B (6 µg/ml) was added at 44 h of incubation to arrest cytokinesis. Negative controls for determination of spontaneous damage were handled in the same manner, except for treatment with MMC and TQ. After a total of 72 h, cells were harvested by centrifugation, rinsed and submitted to a mild hypotonic treatment as described for SCE. After fixation, the air-dried slides were stained with Giemsa for 20 min. For each experiment, 1000 binucleated lymphocytes (BN) with well-preserved cytoplasm were scored. Micronuclei (MN) were identified according to the criteria established by Countryman and Heddle (1976) . Data are reported as MN frequency (MNF) per 1000 BN for each experimental point.
Thioguanine Resistance (TG r ) Test and HPRT Mutation Assay
Assay of frequencies of point mutation of the hypoxanthine/guanine phosphoribosyl transferase locus (HPRT MF) was carried out according to anti-bromodeoxyuridine (anti-BrdU) technique described by Maffei et al. (1999) . The test is based on the fact that wild-type cells containing the HPRT enzyme convert 6-thioguanine (6-TG) into toxic metabolites leading to DNA arrest, while mutant cells lacking the HPRT locus can synthesize DNA and resist 6-TG. The HPRT mutant lymphocytes (TG resistant or TG r ) could be identified immunocytochemically.
Briefly, lymphocytes suspended in the culture medium were stored in T75 flasks at 4°C for 20 h to prevent phenocopies. After that, cells were re-suspended in fresh medium containing PHA-M and 6-TG (20 µM final concentration), then B[a]P (16 µM) and/or TQ were added to obtain the desired final concentrations. After 24 h, 8 µg/ml BrdU were added to the cultures for the next 24 h. Hypotonic treatment and fixation were performed in the same way as for SCE. For partial denaturation of DNA, cells were suspended in 0.5 N HCl and stored for 30 min at room temperature. Cells that incorporated BrdU into their DNA were identified immunocytochemically using a monoclonal mouse antibody able to recognize BrdU in single-stranded DNA (clone Bu20a; DAKO, Denmark). Visualization and staining were then performed according to the alkaline phosphatase-anti-alkaline phosphatase technique in which HPRT mutants stain intensively red.
Granulocyte Generated Superoxide Anion Detection
The influence of TQ on superoxide radical generation by human granulocytes in vitro was investigated using the routine nitroblue tetrazolium (NBT) reduction test described previously (Metcalf et al., 1986) , both in the presence and in the absence of the standard granulocyte stimulator phorbol myristate acetate (PMA), and separately in the presence of the standard mutagen B[a]P. Briefly, granulocytes were suspended at a density of 2x10 6 cells/ml in PBS, pH 7.2, containing 1 mg/ml NBT (Nacalai Tesque, Inc., Kyoto, Japan), TQ and B[a]P (16 µM) or PMA (100 ng/ml). After incubation of the samples for 45 min at 37°C, the reaction was terminated and cells were washed with PBS. The NBT deposited inside the cells was then dissolved by adding 120 μl of 2 M KOH and 140 μl of DMSO with gentle shaking for 10 min at room temperature, then absorption at 570 nm was measured with a spectrophotometer (Jenway 6400, England) against cell-free DMSO reference. The effect of TQ on the level of granulocyte generated superoxide radicals in the presence of the standard mutagen B[a]P or 
Statistical Analysis
Data were presented as mean ± SE. Statistical significance between means was done as appropriate by Student's t-test or one-way ANOVA, followed by Tukey test for pair-wise comparisons. P-values of 0.05 or less were considered significant.
Results
The antigenotoxic effect of TQ was assayed in three standard short-term tests in cultured human lymphocytes: the SCE test, the CBMN assay and the HPRT MF assay. The blood donors were five healthy male volunteers. The influence of TQ on the in vitro viability of lymphocytes was assessed with the standard trypan blue exclusion test. We established that TQ in the range of concentrations tested (0.625 -10 µM) and DMSO (0.25% v/v) were non-toxic to human lymphocytes in vitro and that they were also non-toxic to the cells when present in the culture together with the standard mutagens B[a]P (16 μM) and MMC (1 μM). 
SCE and Cell Kinetic Indices
MMC-Induced MN Frequencies
As may be seen in Fig 2, in the whole group of blood donors, the unchallenged base line MNF ranged from 3 x 10 -3 to 13 x 10 -3 with the mean and median values of 6.8 ± 2.35 x 10 -3 and 5.0 x 10 -3 respectively. There was no significant change in the mean MNF reported in cultures containing all concentrations of TQ alone. After addition of the standard MN inducing agent MMC, the mean MNF was significantly enhanced over the base line value (34.4 ± 5.58 x 10 -3 ; P < 0.01). TQ exhibited antimutagenic activity by reducing MNF in the simultaneous treatment with MMC in the dose range between 5 to 10 µM with maximal reduction (59 %) observed in cultures containing 10 µM of TQ (11.08 ± 4.1 x 10 -3 ; P < 0.05 vs. positive control). 
TG r Test and HPRT Mutant Frequencies
As may be shown in Fig 3, the baseline HPRT MF in negative control cultures ranged from 1.9 x 10 -6 to 11.5 x 10 -6 with the mean and median values of 5.3 ± 1.75 x 10 -6 and 3.8 x 10 -6 respectively. The mean HPRT MF did not differ significantly with all concentrations of TQ. Treatment with B[a]P increased the mean HPRT MF in positive control cultures by ~ 6 folds (31.7 ± 5.62 x 10 -6 ; P < 0.01 vs. negative control). TQ exhibited antimutagenic activity by reducing HPRT MF in the simultaneous treatment with B[a]P in a concentration range between 2.5 to 5 µM. At the concentration of 5 µM, TQ reduced HPRT MF by 66% (10.82 ± 4.9 x 10 -6 ; P < 0.05 vs. positive control). Although TQ at10 µM reduced HPRT MF by 48% but this reduction appeared not quite statistically significant (P = 0.0523). 
Superoxide Radicals Production by Cultured Granulocytes
As may be seen in Fig 4 , treatment of granulocytes with the standard radical cascade activator PMA (100 ng/ml) and with B[a]P (16 µM) led to significant generation of superoxide radicals as monitored by NBT reduction test (P < 0.001 vs. spontaneous release control). TQ dose dependently decreased the free radical level in granulocyte samples both in the case of spontaneous release and after stimulation with PMA and with B[a]P. At the highest concentration of TQ tested (10 µM), the free radical level was lower by ~58% in the samples where TQ was only present compared to spontaneous release samples without TQ (P < 0.01). In the samples in which granulocytes were stimulated with PMA, the free radical level was lower by almost 78% in the presence of TQ (10 µM) than in the samples in which only PMA was present; whereas in the presence of B[a]P, TQ decreased the free radical level by ~ 64% in comparison with the relative control (P < 0.001 and P < 0.01 vs. relative controls respectively). 
Discussion
Previous studies on genotoxic effects of TQ in animal cell systems have yielded conflicting results (Badary et al., 2007; Khader et al., 2009) , and to our knowledge, there are no reports, to date, on genotoxic effects of TQ in human cell systems. In this paper we provide evidence of an antigenotoxic effect of TQ in human lymphocyte cultures subjected to two standard mutagens: an indirect acting one (B[a]P) and a direct acting one (MMC) . The concentrations of the tested B[a]P (16 µM) and MMC (1 μM) were chosen based on previous studies showed that these concentrations were non-cytotoxic to lymphocytes in culture, and generated several folds increase in genotoxicity, as measured by three short-term tests (Gasiorowski and Brokos, 2000; Kocaman et al., 2013) . We used peripheral blood lymphocytes obtained from non-smoking healthy volunteers to avoid possible high levels of background mutations. Three short-term tests were used to measure different end-points of genotoxicity: the SCE test, a biomarker of chromatid rearrangements; the CBMN assay, a biomarker of clastogenic activities and chromosomal damage; and the TG r test, a biomarker of point mutations in the HPRT locus.
In the present study, TQ dose-dependently decreased the genotoxic action of the standard mutagens in the three mutagenicity tests. The antigenotoxic effect of TQ in all three tests strongly suggests that the mechanism of TQ action could be common for them. This mechanism possibly involves inhibition of mutagen processing and activation to nucleophilic derivatives; stimulation of cellular repair mechanisms; and/or activation or modulation of apoptotic pathways in genotoxically damaged cells. The detailed elucidation of the mechanisms of the antimutagenic action of TQ remains to be investigated, although we can confirm, at this moment, the first of these suggested mechanisms i.e. that involves inhibition of free radical generation and activation of promutagens into their genotoxic derivatives. This confirmation can be drawn herein both from the observed inhibitory effect of TQ alone and in combination with B[a]P or PMA upon the level of free radicals generation by human granulocytes, as assayed with the NBT reduction test, and from previous studies showing that reduction in the level of free radicals appears to be an important mechanism of the antimutagenic action of B[a]P and MMC-induced genotoxicity (Gasiorowski and Brokos, 2000; Gasiorowski et al., 2001) .
It is widely known that Cytochrome P450 (CYP450) enzyme system is the major system responsible for biotransformation of xenobiotics and promutagens into their reactive nucleophilic genotoxic derivatives. This biotransformation is a complex pathway that may involve the activation of specific CYP isozymes and/or formation of free radical derivatives (Devasagayam et al., 2004; Kryston et al., 2011) . The major activation of most polycyclic aromatic hydrocarbon promutagens (including B[a]P) into genotoxic products, including enhancement of oxidative stress, is mediated by CYP1A1/A2 class of CYP isozymes (Gonzalez and Gelboin, 1994) . Human lymphocytes possess the same microsomal enzyme system necessary to in vitro metabolize B[a]P and other polycyclic aromatic hydrocarbons into mutagenic compounds (Goldstein and Faletto, 1993) , and previous in vitro studies have reported that significant part of B[a]P was metabolized into a free radical form, which caused DNA adducts (Salgo et al., 1999; Gao et al., 2005) . Similarly, MMC was also found to activate cellular free radical-generating systems in cultured human lymphocytes which may contribute to its main genotoxic action (Unal et al., 2012) .
Taken together, the data obtained in this study on the significant inhibitory effect of TQ on B[a]P-induced free radical formation in cultured granulocytes, and the recent observation in that TQ inhibited the activity of hepatic CYP1A1/A2 isozymes involved in biotransformation of many xenobiotics into reactive genotoxic radical derivatives (Elbarbry et al., 2012) make it reasonable to conclude that one of the mechanisms by which TQ exerts its antigenotoxic activity is related to suppressing free radical derivatives responsible for DNA damage.
In this study, the maximal antigenotoxic effect of TQ in the SCE and TG r tests was obtained by the submaximal dose (5 μM), while the highest concentration (10 μM) was less effective. Significant reduction of the proliferative indices RI and MI was also noticed in lymphocytes cultures containing the highest concentration of TQ. In the CBMN test, the maximal reduction of MNF was obtained by the maximal concentration of TQ. These results appear to be attributable at least in part to the reduction of cell proliferation caused by high doses of TQ in vitro (Shoieb et al., 2003; Khader et al., 2009) . In this context, it should be noted that the relations between cell proliferation and genotoxicity appear complex, although a commonly accepted opinion is that a decrease in the cell proliferation rate would facilitate detoxification and repair of damage caused by mutagenic agents (Ames et al., 1993; Tomatis, 1993) . So, the low efficiency of the high dose of TQ in reduction of SCE and HPRT mutation in the TG r test, together with the maximal reduction of MNF obtained by the highest TQ concentration might be related to the reduction of RI and MI caused by the same concentration. In line with these findings, Khader et al. recently reported significant reduction of MNF and MI in rat hepatocyte primary culture with TQ concentrations higher than 10 μM while 25 μM and higher concentrations of TQ caused severe cytotoxic effects in the cultures and were lethal to hepatocytes (Khader et al., 2009 ).
In conclusion, the results presented in this paper confirm a dose-dependent antigenotoxic action of TQ on direct and indirect acting mutagens in vitro as proved by valid data obtained in three different end-point lymphocyte tests, and suggest that inhibition of free radical pathways could play an important role in the antigenotoxic and chemopreventive activities of TQ. This genoprotective potential remains to be evaluated at the clinical level where the combination of TQ with some clinically used anti-cancer drugs can lead to improvements in their therapeutic index and to the protection of non-tumor tissues against chemotherapy induced DNA damage.
